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• A 2D third order lever model was developed to simulate mastication.
• Force available for food fracture depends on food size and position in the jaw.
• The model is in agreement with force distribution experimentally measured.
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Food choiceThe human diet contains a large variety of aromas, tastes and textures. The latter is particularly important since it
determines whether foods are difﬁcult to process orally and thus can be one source of food avoidance. It has also
been reported in recent literature that food texture was a main driver for satiation processes and thus it is of in-
terest for the foodmanufacturing industry to be able to control textural properties of foodwithin the limits of ac-
ceptability for the consumer. For solid foods, fracture force is an important aspect of texture and we were
interested in understanding the physiological drivers of this variable.
We present a third order lever model of human bite force and the space between teeth based on data from the
literature on human oral anatomy. The results from themodel are comparedwith experimental data available in
the literature. Themodel compares well with the experimental data (r2=0.95, p=0.0010,MPE=0.18), and can
thus be used to derive a diagram of how food properties such as piece size or fracture force can be used to deﬁne
whether foods are close to the limits of what the human jaw is capable of breaking. Such modeling tools can be
used to deﬁne texture rules for tailor-made nutrition for speciﬁc populations based on their mastication abilities.
The limitations of thismodeling approach are also discussed, particularly the fact that tooth shape should also be
considered, as this will ultimately deﬁne fracture stress, which is the deterministic factor of food fracture.
© 2013 The Authors. Published by Elsevier Inc. Open access under CC BY-NC-ND license.1. Introduction
Understanding how foods are broken down in the mouth has
attracted interest from the food science community in the last two to
three decades [1–4]. At the heart of this interdisciplinary science lies
the anatomy and physiology of the oral cavity [5], as well as the proper-
ties (e.g. brittleness and fracture strength) of the food [1,6]. Researchers
often work using model systems [7], which are attractive because of
their well-controlled properties, however this approach does not offer
a full view of the variety of mechanical properties that would be offered
by natural foods [6,8]. The ﬁrst bite is decisive in the path of oral food(B. Le Révérend).
. Open access under CC BY-NC-ND licebreakdown as it deﬁnes whether a food can be eaten at all. Two impor-
tant factors control whether a ﬁrst bite is successful or not [5,9,10], (a) is
the food small enough to ﬁt between teeth and (b) is the maximum
available bite force greater than the fracture strength. Although those
statements seem evident, ﬁnding accurate experimental data to design
foods close to the boundaries in resistance and size of what can be eaten
can prove difﬁcult. In addition, there is not a single force or distance
characterizing the human mastication system as measurements would
depend on the distance between the point of measure and the condyle
(jaw joint) [11]. The available data from the literature indicates that
force increases as biting position is closer to the condyle [12–15]. This
is compliant with Eckermann’s model [11] describing jaw clenching as
a third order lever, where the condyle is the point of rotation, the mus-
cles anchor points being the point of effort and the measurement loca-
tion being the point of resistance[11]. Such data can be seen in Fig. 1,
although force values reported are different (a) at ﬁrst sight between
different studies, all experimental data folds on the same master curvense.
62 B. Le Révérend, C. Hartmann / Physiology & Behavior 124 (2014) 61–64when normalized to the ﬁrst incisors (b). This led us and others [11,16]
to think that bite force at each tooth ismainly controlled bymuscle force
and tooth position. A recent 3D simulation work [16,17] has already of-
fered thorough insight on the human mastication forces during static
biting although those models are probably too complex and computa-
tionally demanding [17] to allow them to be used for rapid prototyping
of foods.With this in mind, it seems that a simplemodel, taking into ac-
count themassetermuscle as the only jaw closingmuscle and thediffer-
ent dimensions of the jaw ramus, jaw corpus and palatal vault as well as
the gonial and occlusal plane angles, should be sufﬁcient to build a dia-
gram of food size and food hardness that are breakable in the mouth.
2. Modelling strategy
The actuators of clenching the jaw are the temporalis and masseter
muscles; for the sake of simplicity we will only represent the masseter
muscle effect in our model. The ramus and corpus can be deﬁned by
their length and the angle existing between them. We deﬁne A as the
point representing the condyle, M as the gonion (where the masseter
is anchored on the mandible) and D as the gnathion.
Thus AM is the ramus length andMD is the corpus length. The angle
MA
!
;MD
! 
is deﬁned by the physiological value of the gonial angle. The
point B deﬁnes the intersection between the occlusal plane and the jaw
ramus (the occlusal plane is oriented so that BA
!
; BC
! ̂ ¼ MA!;MD! −
BC
!
;MD
! 
). It is located at the middle of [AM]. F is the point where the
food is located along the occlusal plane (F’s most forward position is C,b
a
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Fig. 1. (a) Forcemeasured at different tooth locations in the literature [12,13] and (b) relative
force measured at different tooth locations in the literature normalized against ﬁrst
incisor force.most backward being R), whose shape is deﬁned by using a second
order polynomial function [18].
Finally, point K is the anchor for themasseter muscle on themaxilla,
deﬁned by its distance to M (MK) supposed equal to the ramus length
and the angle MA
!
;MK
! 
.
Duringmastication, the rotation of themandible around the condyle
(A) by an angle θ deﬁnes the distance between teeth. In this process,
each point (except K, which is located on the maxilla) is associated
with a point after rotation, noted with an r subscript so that the image
of B by the rotation is Br, D is Dr, R is Rr M is Mr, F is Fr, R is Rr and C is
Cr. According to this deﬁnition, distance between the teeth where the
food is located (and thus food size) is FFr and the maximum opening
of the mouth is CCr (Fig. 2).
Once the geometry is deﬁned using the values collected in the liter-
ature as summarized in Table 1, one can compute the forces available
during mastication at different distances from the condyle (A) and for
a given angle θ. Force (1) and moment balance (2) can then be applied
to the maxilla/mandible system;
FoA
!þ FoK!þ FoF! ¼ 0!
FoAr
!þ FoM!þ FoFr! ¼ 0! ð1Þ
AK
! FoK!þ AF! FoF! ¼ 0!
AMr
! FoMr!þ AFr! FoFr! ¼ 0! ð2Þ
where FoF
!
represents the force applied at point F and FoFr
!
at point Fr.
Since A is the center of rotation: FoA
!þ FoAr! ¼ 0! . Also, the force
coming from the masseter muscle is assumed to be symmetrical be-
tween the two bodies, thus FoK
!þ FoMr ¼ 0!. According to Eq. (1),
FoF
!þ FoFr ¼ 0!.
By substituting FoF
! ¼−FoF!r and since all the vectors belong to the
same plane (2D model) Eq. (10) can be simpliﬁed into Eq. (3).
AKx  FoKy−AKy  FoKx
 
þ AFx  FoFy−AFy  FoFx
 
¼ 0
AMrx  FoMry−AMry  FoMrx
 
þ AFrx  FoFry−AFry  FoFrx
 
¼ 0
ð3Þ
which can be solved using the linear system of Eq. (4)
− −AFy AFxAFry −AFrx
 
 FoFxFoFy
 
¼ AKx  FoKy−AKy  FoKxAMrx  FoMry−AMry  FoMrx
 
ð4ÞFig. 2. Schematic sagittal view of the human mandible and maxilla and reference to the
anatomical landmarks used for the simulation. A hypothetical food item is represented
by the black disk, which is in contact with the jaw at points F and Fr.
Table 1
Dimensions, angles and references used in the model.
Physiological
parameter
Numerical variable Value Reference
Corpus length AM 60 [mm] [19]
Ramus length MD 70 [mm] [19]
Gonial angle MA
!
;MD
! 
120° [19]
Occlusal plane angle BA
!
; BC
! 
104° Calculated from
Sato et al. [20]
Palatal length RC 52.6 [mm] [21]
Masseter angle MA
!
;MK
! 
52° Calculated from Lee
and Yu [22]
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Fig. 4. (a) Typical relative force/distance diagram of the mouth for one angle of opening
(31°) and (b) relative force/distance diagram of themouth for different angles of opening
(5–30º).
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!
and thus FoFr
!
. This was achieved by
using the Gaussian elimination based function mldivide built into
MATLAB [23]. This makes it possible to calculate the force available to
break down foods between the teeth at point F (and Fr) depending on
the force exerted by the masseter FoK
!
or FoMr
!
and the distance AK
and AF (AFr).
For any position of F, the distance of the corresponding tooth from
the sagittal plane can be obtained by using the polynomial ﬁt from
Ferrario et al. [18,24,25]. This allows comparison of the forces at speciﬁc
tooth locations to directly compare with experimental data.
3. Results
On Fig. 3, one can see a typical result corresponding to an opening
angle of 10°. The direction and magnitude of forces for each position
along the occlusal plane is rendered by the blue arrows, whilst the
green arrows represent themassetermuscle forcemagnitude anddirec-
tion. One can see that the direction of the forces is not simply normal to
the jaw as has already been modeled in the literature [17]. Because of
the relative simplicity of the current model, we can directly compare
the data produced by the model to those available in the literature.
We report a good correlation between the model and the experimental
data (r2=0.95, p=0.0010). The total error deﬁned in Eq. (5)
MPE ¼ 1
n
Xn
k¼1
Force kð Þmodel−Force kð Þexperiment
  ð5Þ
was calculated and yieldsMPE=18%, which is within the boundaries of
the experimental variation across subjects [13].
An interesting use of this model for the food industry or the food sci-
ence community at large is to develop guidelines for food size/fractureA 
M 
K 
C R B 
Cr 
Mr 
Br 
Rr 
a b
Fig. 3. (a) Simulation of the forces exerted at different tooth locations during clenching (openin
locations normalized against masseter force.strength that can be processed in the mouth. It can be seen in Fig. 4(a)
that more force is available by the molars (closer to the condyle) than
by the incisors. However more space is available to ﬁt foods between
the incisors than between the molars. Carrying out this analysis across
the occlusal line enables us to deﬁne a state diagram where food attri-
butes such as piece size and fracture strength can be mapped against
distance between teeth and bite force. In such a diagram, we can deﬁne
a zone where foods can be processed, and a zone where foods are too
large or too hard to be broken down by the human mouth.-20 -15 -10 -5 0
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g angle of 10°) and (b) relative forcemagnitudemeasured and calculated at different tooth
64 B. Le Révérend, C. Hartmann / Physiology & Behavior 124 (2014) 61–64To add to this analysis, the line separating the two regions is actually
also dependent on the angle of opening. This is presented in Fig. 4(b),
where the state diagram was replotted for several opening angles. One
can see that as the jaw opening angle increases, the bite force decreases.
Since the point K is ﬁxed to the maxilla whilstM rotates intoMr, the di-
rection of the vector FoMr
!
with the angle of opening FoMr
!
becomes less
orthogonal to AMr
!
, thus reducing the magnitude of the bite force FoFr
!
according to Eq. (4). There is, on average, a 20% reduction of bite force
between the fully closed position (0° angle, which can only be taken
as a numerical limit due to the singularity of Eq. (4)) and the fully
opened position (31° angle). This also shows how larger foods are
harder to break for a given texture due to the relative lowering of the
bite force at a larger opening. A simple example of this can be obtained
from the experimental data available in the literature on walnuts. If we
assume a maximum bite force in themolar region at around 600N [13],
walnuts with a fracture force of 500N could be broken by the action of
the molars. However, due to their large diameter (4 cm) the walnuts
have to be ﬁtted between the canines, where the force available is
then only in the order of 340 N, making the walnut shells impossible
to break for humans without the use of a tool.
4. Discussion
In this work we presented a model that aims to predict bite force at
different tooth locations as can bemeasured using a bite force transduc-
er. Also, we derived the distance between those teeth at different angles
of opening. From those two quantities we proposed the use of this
model to develop a diagram based on relevant properties such as food
size and fracture force to identify what can or cannot be eaten by
humans. Themain limitation of our model is that force is expressed rel-
ative to masseter force or incisor force. This could also be its strength,
becausewe did not aim to go into the complexity of models considering
very ﬁne details of the human anatomy [17] or the food [26], we kept
ourmodel quite generic so that it can be used for tailored texture devel-
opment,which cannot be completely individualized, but rather oriented
towards clusters of the general population. For example the mandible
and maxilla dimensions can be easily found in the literature and maxi-
mum bite forces are also commonly available, allowing the use of this
model for clusters of population expected to have different food oral
processing challenges to overcome. An additional limitation, probably
more important to consider, is that food fractures under a given stress,
rather than force. Incisors do not fracture in the same way as molars
do, due to the differences in tooth shape and contact area with food
[1,27]. We see this as a major limitation of this model and believe
there ismorework required to couple it withmore reﬁned food fracture
work [1,3,9,28,29] in future iterations towards the understanding of
food oral processing.
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